Abstract
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The Effects of Representation on Idea Generation and Design Fixation: A Study Comparing Sketches and Function Trees
Engineering design entails and implements a range of design representations to convey and document information; these include text descriptions, sketches, line drawings, photographs, computer-aided designs (CAD), and functional models. Previous research (Adler & Davis, 2007; Goldschmidt, 2007; Larkin & Simon, 1987; Linsey, et al., 2011; Linsey, et al., 2010; Yang, 2009) has explored the use of representations in problem solving and concludes that effective diagrammatic representations (e.g. CAD, sketches, photographs, line-drawings, etc.) hold many advantages over detailed textual representations. This research has determined that diagrammatic representations explicitly present the relationship between the visual depiction and elements of the problem by co-locating necessary and useful information in the representation (Larkin & Simon, 1987) . From processing this grouping of information, the designer avoids two cognitively expensive tasks associated with a purely textual representation: (1) having to match and understand symbolic labels and (2) searching for specific elements within the problem statement needed to establish a problem-solving inference. Seemingly, due to these disadvantages of textual descriptions, designers frequently prefer diagrammatic representations for engineering ideas and designs.
Despite the long-standing popular use of sketching for early idea conceptualization, CAD renderings and photographs are increasing in use due to advancements in technology. Due to the advent of computer modeling and drafting packages, i.e., CAD, which are readily available, engineering students tend to sketch less (Grenier, 2008; Schmidt, Hernandez, & Ruocco, 2012; Ullman, Wood, & Craig, 1990; Westmoreland, Ruocco, & Schmidt, 2011 ). Grenier's study (2008) demonstrates that students pursue alternative representations to sketching as a form of design during the early stages of conceptualization. In a similar study, Westmoreland et al. (2011) analyze visual representations (sketches, line drawings, CAD, and photographs) for their use in Capstone Design and obtains comparable results. Westmoreland finds that students rarely use sketches until specifically prompted. Additionally, students are increasingly reluctant to submit rough sketches since they can quickly transform a sketch to a CAD drawing (Westmoreland, et 2 al., 2011) . Likewise, photographs are growing in popularity due to the availability of digital cameras and due to the ability to copy images from the Internet.
Functional modeling and decomposition is another method used for representing designs.
However, functional modeling represents a design very differently than the diagrammatic representations already discussed. As the name implies, functional models and function trees list the functions on a design. These functions are in the form of action verbs necessary to system objectives and are listed in a top-down manner. Conceptualizing, defining, or understanding a product or system in terms of function is a fundamental aspect of engineering design (Otto & Wood, 2001; Pahl & Beitz, 1996; Pahl, Beitz, Feldhusen, & Grote, 2007; Ullman, 1992; Ulrich & Eppinger, 1995) . Functional modeling provides an abstract yet direct method for understanding and representing a product's overall function (Hirtz, Stone, McAdams, Szykman, & Wood, 2002) . Functional models serve as an asset in the idea generation process, as well as for storing and extracting design knowledge from existing products (Altshuller, 1984; Murdock, Szykman, & Sriram, 1997; Stone, Wood, & Crawford, 2000) . Viola, et al. (2012) state that functional models are advantageous when used in engineering idea generation because the abstract view of function trees fosters the search for alternative solutions and as a result, avoids biased ones. The function-means tree method by Dym and Little (Dym, Little, Orwin, & Spjut, 2004 ) is an example of how function trees or diagrams are used in the idea generation. Functions (what the design will do) and means (how the design will do it) are listed in a functional model; the function tree alternates between functions and means until a reasonable termination point is reached.
While allowing engineers to convey information to other designers, these representations permeate the examples that designers use when developing new ideas. Studies show that designers fixate to examples given to them whether the examples are in the form of sketches, line drawings, photographs, or physical models (Cardoso & Badke-Schaub, 2011; Cardoso, BadkeSchaub, & Luz, 2009; Christensen & Schunn, 2005; Kiriyama & Yamamoto, 1998; Linsey, et al., 2010; Purcell & Gero, 1996; Viswanathan & Linsey, 2010; Viswanathan & Linsey, 2011; Viswanathan & Linsey, 2012a , 2012b Viswanathan & Linsey, 2013a) . Previous studies on design fixation compare other representations, including line drawings to photographs (Cardoso & Badke-Schaub, 2011; Cardoso, et al., 2009 ), sketches to physical models (Viswanathan & Linsey, 2013b; Youmans, 2011) , and sketches to textual representations (McKoy, Vargas-3 Hernández, Summers, & Shah, 2001) . All of these studies present poor examples to participants in order to reveal where design fixation negatively influences the design process.
This paper presents an experiment that investigates how externally imposed examples of function trees and sketches influence design fixation, design feasibility, and design quality.
Understanding these aspects of idea generation will improve the process leading to a final design product. The experiment examines the influence that function trees and sketches have on how designers copy features in an example, which depends on the type of representation provided to the designer. This paper explores the theory that (1) function trees have greater reduction in fixation than sketches during idea generation and (2) function trees produce higher quality designs. In the following sections, we review the related prior work on design fixation and the impact of various representations or visual stimuli on design.
BACKGROUND
In the engineering design process, conceptual design is the front-end phase that relies on favorable idea generation. Idea generation can be defined as the process of generating, developing, and communicating ideas, where an idea is understood as a basic element of thought that can either be visual, concrete, or abstract (Jonson, 2005) . During the conceptual design stage, engineers consider numerous possible solution concepts and ideas (Pahl & Beitz, 1996) while addressing potential feedback elicited from end users or design stakeholders regarding the current or needed product. Hence, the engineers can decide which ideas should be further developed or pursued (Schrage, 1999) . In order to have an effective idea generation process, it is necessary to abstract the essential problem or design requirement, establish relevant function structures, search for suitable working principles, and then combine those principles into a working design (Pahl & Beitz, 1996) .
Idea generation in the design process begins in the mind's eye (Ferguson, 1992; Fish & Scrivener, 1990; Goldschmidt, 1991) . The representation of ideas to the designers directly influences idea generation; visual representation and the visual experience as a whole allow new ideas to be created in the mind and thus explored in the conceptual design process (Fish & Scrivener, 1990; Goldschmidt, 1991) . In this section, we discuss the differences among the various representations utilized in idea generation.
Representation in Idea Generation
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During the idea generation process, examples of existing solutions generally provide inspiration to designers. These representations could be in the form of sketches, line drawings, CAD, photographs, or even verbal and textual representations. Gestures may also be a form of representation as they are often considered valid evidence of language and cognition (Hostetter & Alibali, 2008) . Each conveys different types of information. This paper focuses on sketching and function trees/modeling, so we will focus mainly on sketching in this section. We discuss functional modeling in the next section. A sketch is a preliminary, rough, visual design representation of something without detail for the basis of a more finished product (Pei, Campbell, & Evans, 2011) . It is usually executed rapidly and without concern for detail in order to capture a general idea; only key elements of the design are presented (Pei, et al., 2011; Westmoreland, et al., 2011) . A sketch requires composition without aiding instruments, such as a straight edge. This differentiates it from a line drawing which is composed of a line created by hand but with the aid of assistive instruments; a line drawing can also be created with a computer (Westmoreland, et al., 2011) .
During the idea generation process, we note that there are two modes of presenting these representations. The first mode of representation is external where designers view examples as stimuli for inspiration in the design task. The second mode of representation is the method where the designers choose to represent their ideas, i.e., self-generated representations. In this study, we are only concerned with varying external representations to examine their influence on design fixation; we maintain a constant self-generated mode, as sketches, for the experiment.
In group idea generation meetings, it remains a common practice to combine sketches with text or written language (Van der Lugt, 2005) . Various studies have been completed regarding the role of sketching in design and conclude that sketching during idea generation improves the overall quality and realism of the design (Macomber & Yang, 2011; Yang, 2009; Yang & Cham, 2007) . Even with a decline in the use of sketching among engineering students, sketching offers several advantages over other representations (Westmoreland, et al., 2011) . Advantages include the fact that sketching is economical, simple, and easy to correct and revise (Jonson, 2002) and also promotes creative thought, which stands as a critical aspect in generating concepts (Goel, 1995; Goldschmidt, 1994 ). The designer is also able to obtain immediate visual and kinesthetic feedback from a sketch (Contero, Varley, Aleixos, & Naya, 2009 ).
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Additionally sketches possess the advantage of being inherently ambiguous with regard to recognition (Contero, et al., 2009; Goel, 1995; Jonson, 2002; Stacey, Eckert, & McFadzean, 1999) . Sketches lack regularity and contain a certain type of looseness or "sketchiness," which makes them prone to having different interpretations. Rather than inducing uncertainty or confusion, ambiguity in design sketches can be a source of creativity since sketches allow designers to re-perceive and re-interpret figures or images (Tversky, et al., 2003) or to interpret the figures or images differently from other fellow designers or team members (Shah, 1998) . Tversky et al. (2003) explain that sketches hold the created constructions in view of the designer, freeing the mind to examine and evaluate. Their findings also show that novice and experienced designers formulate new inferences from even their own sketches.
Studies show that both the amount and type of information that designers access varies when interpreting different types of representations (Casakin & Goldschmidt, 1999; Kavakli & Gero, 2001 Kokotovich & Purcell, 2000; Menezes & Lawson, 2006; Suwa & Tversky, 1997) . (Reid, MacDonald, & Du, 2013) In the aforementioned studies, the researchers explore how the type of representation affects a designer's creativity during idea generation in the design process and how the different external representations influence design and provide information to the viewer. In this paper, we specifically focus on the latter and the effect on design fixation, i.e. how external representations affect ideation and creativity.
Functional Models in Idea Generation
In efforts to complete a design task or satisfy customer design requirements, designers generate functional models in order to emphasize the abstract purpose of the product or design, which is necessary for meeting underdetermined needs (Dorst, 2003) , which is most always the case, or in rare cases, pre-determined and complete customer needs. Although functions are rarely used or seen in engineering practice, they are a fundamental part of many prescriptive methodologies (Eckert, Ruckpaul, Alink, & Albers, 2012) . By first mapping the design requirements to functions, the engineers may systematically explore more solutions to the presented problem or need (Ullman, 1992) . More specifically, one type of functional model, otherwise known as function trees, consists of a hierarchical structure that begins with high-level functional requirements and descends into lower-level detailed functions (Eckert, 2013; Otto & 6 Wood, 2001; Pahl & Beitz, 1996) . Pahl and Beitz along with Otto and Wood recommend energy, material and signal flow-based functional models (Otto & Wood, 2001; Pahl & Beitz, 1996) . We choose to evaluate fixation with function trees because they contain multiple levels of functional abstraction that have the potential to reduction fixation whereas flow-based functional models do not show multiple level of abstraction in the same diagram. Function trees are more intuitive and easy to generate (Eckert, et al., 2012) , compared with function structures. Function trees and models are often integrated into the conceptual stages of the design process because they encourage the designer to focus on the intended use and purpose of product rather than on the physical solution (Caldwell & Mocko, 2012) . This could prove to be advantageous by allowing designers not to focus on or to de-fixate from specific features; however, prior to the studies presented and discussed in this paper, testing has been limited regarding the impact of function trees on designers' fixation Function trees typically represent a design in a functional view as opposed to a more physical view, e.g., CAD, sketch, photo (function trees can sometimes relate to the physical view in the sense that a functional model is a commitment to a solution architecture). These two complimentary views convey different information in the sense that there first needs to be a systematic structure of desired functions and effects, which is necessary for explaining the behavior and physical realization of a design (Zha & Howlett, 2006) . In other words, the functional view focuses on what the system must do to produce the required operational behavior, whereas the physical view focuses on how the system is constructed (Press, 2001) . We would like to note that while function and physical embodiment are distinct, in some cases a physical affordance gives access to functionality (Hartson, 2003) , i.e. the physical nature of the object, by default, reveals its function.
Function trees are advantageous in engineering design because they provide a wellrepresented graphical overview of the systems requirements (Viola, et al., 2012) . Pahl et al. (2007) suggest that designers could potentially have the ability to better explore the solution space since functional models allow functions to be linked in several ways, e.g., function trees, function structures/function flow diagrams (Otto & Wood, 2001) , and functional analysis and allocation (Manning, 2013) . More information on function trees and functional modeling in engineering design can be found.
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The experiment in this paper will investigate the effectiveness of function models, specifically function trees as a type of representation in idea generation process for solving design problems. To date, no studies have explored if externally introduced function trees fixate or not.
Design Fixation
Design fixation refers to the blind and sometimes counterproductive adherence of designers to example features and to their own initial ideas (Jansson & Smith, 1991) . Because examples act as external stimuli, they tend to make designers sensitive to the features and elements of the example. This is especially true for visual representations such as the ones previously discussed,
i.e., CAD, photo, and sketch (Goldschmidt & Smolkov, 2006) . Though the intent for using these visual examples is to provide inspiration to the designers, designers' fixation to components of the example hinders their creativity. There have been numerous studies in engineering design and in psychology that deal with the topic of fixation (Christensen & Schunn, 2005; Jansson & Smith, 1991; Linsey, et al., 2010; Purcell & Gero, 1996; Viswanathan & Linsey, 2010; Wiley, 1998) . Other fixation studies in psychology include functional fixation, which is a phenomenon where a mental block is created that inhibits a person from using an object in a new way (i.e.
noticing an obscure feature of an object) that is necessary for solving the problem (Ashton, 1976; Duncker & Lees, 1945; McCaffrey, 2012a; McCaffrey & Spector, 2011) . This phenomenon is similar to, and explains the underlying mental handicap that causes fixation in engineering design (Condoor & LaVoie, 2007; Jansson, Condoor, & Brock, 1993) . McCaffrey (2012a McCaffrey ( , 2012b suggests that researchers can systematically create a toolkit of innovation enhancing techniques by developing techniques that facilitate the designer's ability to notice obscure features and overcome obstacles to problem solving, such as design fixation.
According to Perttula (2006) and Liikkanen (2010) , example exposure may not necessarily be detrimental. In the area of cognitive simulation, design and psychology researchers investigate possible benefits of examples or external stimuli and show that idea exposure can positively influence one's ability to produce ideas (Brown, Tumeo, Larey, & Paulus, 1998; Coskun, Paulus, Brown, & Sherwood, 2000; Dugosh & Paulus, 2005; Goldschmidt & Smolkov, 2006; Perttula & Sipilä, 2007) . Though these studies do not strictly measure fixation, results emphasize that examples do offer benefits to designers, such as aiding in the convergence of ideas in teams (Fu, Cagan, & Kotovsky, 2010) and helping designers to determine whether existing ideas meet 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 design requirements (Hannah, Joshi, & Summers, 2012) . Purcell and Gero (1996) state that the form of representation used in examples, e.g., sketch or CAD, appears to establish the conditions for fixation to occur. Thus, exploring the use of various representations in idea generation is very beneficial towards further understanding the dynamics of fixation in design.
In design fixation experiments, poor examples are typically used to induce fixation and to investigate trends across various parameters. Studies have shown that a poor example produces a higher amount of fixation compared to a good example Perttula & Sipilä, 2007) .
Fixation studies with good examples measure both fixation and additional trends. For instance, Fu et al. (2010) measure how good and poor examples influence team convergence and how teams fixate to the examples given. In fixation studies that use poor examples to solely measure fixation to features of the examples, designers copy the poor features of an example without realizing that they are doing so Viswanathan & Linsey, 2013a , 2013b , 2013c . This is the exact definition of fixation and an undesirable engineering design behavior.
Representations and Fixation
Most previous research studies on design fixation use examples represented in only one form, predominantly sketches Jansson & Smith, 1991; Purcell & Gero, 1992) . Only a few studies specifically explored the influence of different representations on design fixation. For example, Cardoso and Badke-Schaub (2011) investigate if different types of representation can affect and reduce design fixation. In their study, they compare a line drawing to a photo measuring differences in quantity, quality, and originality (using a "yes/no" criterion for originality). They found that both line drawings and photographs cause design fixation. There were no significant differences between the line drawing and the photo for quantity, quality, or originality. An experiment by McKoy et al. (2001) , presented examples as a sketch or as text to teams in an undergraduate course and compared the design solutions to a design problem. The results from the McKoy study show that groups who received a sketch example had higher novelty and quality scores than the groups who received the text description of the example (this paper addresses and explains the quality and novelty metrics).
EXPERIMENTAL OVERVIEW
This paper presents an experiment designed to assess if, and to what extent, fixation occurs in engineering idea generation based on the representation of the example given. The participants 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 were asked to solve a design problem with an example as an aid. Participants viewed a poor design example in the form of a sketch, function tree, or a combination of both, which are the designated conditions for the experiment. A control condition where participants did not receive an example was also included.
EXPERIMENT
This experiment was designed to assess the effectiveness of function trees on fixation to features of a design. We investigate if an example represented as a function tree reduces fixation compared to the same example represented as a sketch. We have an additional condition that includes both representations, and we check to see if there are any advantages in having a function tree present with a sketch.
Hypothesis 1: Fixation. Function trees will reduce fixation compared to sketch representations. This is measured with the quantity of non-redundant ideas.
Hypothesis 2: Quality. Function trees will produce higher quality designs because the required functional needs for the product are more explicit. This is measured with the quality metric.
Design Task
The design task given to the participants asked them to design a device that shells peanuts in developing countries. This task has been used in previous studies Linsey, Green, Murphy, Wood, & Markman, 2005; Linsey, Markman, & Wood, 2012; Linsey, et al., 2010; Viswanathan & Linsey, 2011; Viswanathan & Linsey, 2012b) , and follows the same approach, i.e., description of the example design, time given to read problem, and time given to generate ideas. The chosen problem is practical, appropriate for engineers, and able to be solved in diverse ways. Figure 1 shows the problem description, customer needs, and instructions provided to the participants. The description of the example solutions given to the participants is described in later sections. In this experiment, the participants were provided with an incentive to create many solutions. They were told that the persons who showed superior effort in generating solutions would receive a bonus. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
Participants
The participants in this experiment were sophomore and junior undergraduate students at the Georgia Institute of Technology. Thirty-nine juniors and twenty-two sophomores participated.
The juniors and sophomore were evenly distributed across the four conditions in this study.
Experimental Conditions
In order to explore how various representations affect fixation and creativity in the engineering idea generation process, the participants were randomly assigned into four experimental conditions with each condition corresponding to a different type of representation, i.e., function tree or sketch. Each representation exemplified the same existing solution to a specified design problem: a peanut shelling device. The peanut sheller design problem is the Universal Nut Sheller, designed by inventor and humanitarian Jock Brandis (Brandis, 2012; Connors, 2008) .
Because the peanut sheller is considered to be easy to manufacture, cheap, sustainably powered (human energy), efficient, and effective, the design problem satisfies all of the customer needs and provides ample opportunity for design ideas to participants.
The four experimental conditions for this experiment were designed to measure the usefulness of function trees in reducing design fixation. A poor design-solution example, a gaspowered press sheller, was given to the participants in various representations according to the experimental conditions. Figure 2 shows the gas-powered press sheller and the solution description. Figure 3 
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The design chosen is one that has been used in other studies Linsey, et al., 2010; Viswanathan & Linsey, 2013a , 2013b , 2013c . In the first study that utilized the gaspowered press sheller design , the authors chose the example based upon features commonly found in participant solutions from prior experiments. Studies show that common examples cause more fixation than novel or unusual ones (Perttula & Sipilä, 2007) , and poor examples cause more fixation than good examples . In the context of the problem given, the design is poor because it uses a gas-powered press, which is an unsustainable and expensive energy source that would not be effective. Since the example chosen proves to cause fixation Linsey, et al., 2010; Viswanathan & Linsey, 2013a , 2013b , 2013c , we want to determine how function trees may help to reduce this fixation. Table 1 shows the features within the gas-powered peanut sheller example that was provided to the participants. 
Experimental Procedure
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The experiment occurred in a controlled classroom setting. For all four conditions, half of the participants correspond to enrollment in a design class during the spring semester and the other half in the fall semester. Since all students were in the same design class, they learned the same material. Participation in the experiment was voluntary, and the students who participated were compensated with either extra credit in their class or a monetary award.
To start the experiment, the lead author of this paper handed the design task and example to each student on paper. For the first five minutes, they were to review and understand the design task. During this time, they were encouraged to ask questions concerning the experiment or design task; however, zero participants asked a question. After the initial review period, the next forty-five minutes were allotted for the participants to complete the idea generation section of the design task. All participants were required to use the entire forty-five minutes. As such, the participants were asked to sketch each of their design solutions with one idea per page and to describe how the design worked by adding short text descriptions and labeling parts of the design. Additionally, they were asked to generate as many solutions as possible. As an incentive to create many solutions, they were told that the person who generated the greatest number of solutions would receive a prize or bonus. This bonus was given to all the participants in the form of a monetary award at the end of the experiment in addition to the compensation for experiment participation.
EVALUATION METRICS
To measure fixation, creativity, and the overall effectiveness of the solutions generated, six metrics were used: quantity of non-redundant ideas, number of repeated example features, percentage of example features used, quality of concepts, novelty of concepts, variety of concepts, and percentage of solutions using a gas engine. Four of these metrics, the quantity (non-redundant), quality, novelty, and variety of ideas are based on definitions proposed by Shah, et al. (2000) , and further developed by Linsey et al. (2011) .
For the purpose of this study, it is necessary to address important additional terminology and
notions. An idea is defined as a feature of the generated solutions that solves at least one function in the functional basis (Linsey, et al., 2005; Linsey, et al., 2010) . This functional basis or functional list of the example was not provided to the participants during the experiment, but was only used post-hoc for data coding and analysis. The terms idea and feature will be used 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 interchangeably throughout this paper. Another term to address is a design concept, which refers to each solution that a participant generates in order to solve the design task.
Each of the participants' concepts were broken down into features and scored using the aforementioned metrics. To ensure the reliability of the metrics, two independent raters performed an inter-rater agreement and determined a Pearson's or Cohen's Kappa correlation.
The raters used Table 1 as a guideline in order to determine the features copied from the example. We performed the inter-rater agreement on 50% of the data for all metrics (i.e. one rater rated 100% of the data, and a second rater rated 50% of the same data). We report the agreement results with the definition of each metric that follow. We also note that previous studies demonstrate that independent experts with domain knowledge can reliably assess quantity and quality of ideas , as well as the creativity (novelty and variety) in engineering design (Christiaans, 1992 (Christiaans, , 2002 Kudrowitz & Wallace, 2013; Linsey, et al., 2011; Linsey, et al., 2005; Viswanathan & Linsey, 2012a; Viswanathan & Linsey, 2013d) . A detailed description of the metrics used and evaluation performed is provided below.
Quantity of Non-Redundant Ideas
This measure of fixation gauges how a participant's ideas are limited because of exposure to an example. It measures the quantity of ideas generated by the participants across all participant solutions and subtracts out ideas taken from the example along with any repeated ideas. The ideas from the example were removed for all conditions, including the control group (the different conditions were analyzed blindly and the same analysis was done on all conditions).
The control condition used will be a baseline to measure fixation. If the participants in the conditions that incorporate examples fail to produce as many non-redundant ideas as the participants in the control condition, then fixation is indicated. We obtained a Pearson's correlation of 0.83, which shows the measure is reliable.
Number of Repeated Example Features
This metric is another measure of fixation and assesses how many ideas the participants use from the example. The control condition acts as a baseline for measuring fixation in this metric.
If the participants in the conditions that incorporate the example incorporate more ideas from the example than the control group, then fixation to the example is indicated. The Pearson's correlation for this metric is 0.80, which shows the measure is reliable. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Percentage of Example Features Used
Quality of Ideas
Quality is measured based on the feasibility of the design concepts and how well it meets design specifications or customer needs (Shah, Smith, & Vargas-Hernandez, 2003) . A three-point rating scale developed by Linsey et al. (2011) measures the quality of design concepts generated.
A score of zero is given for designs that are not technically feasible or do not meet any of the customer needs. A score of one is given if the design partially meets the customer needs (1-3 customer needs). A score of two is given for designs that meet most or all of the customer needs (4-5 customer needs). A Cohen's Kappa of 0.57 was obtained. According to Clark-Carter (1997) , this Cohen's Kappa value is an acceptable level of agreement.
Novelty
Novelty measures how unusual or unexpected a feature is when compared to those produced by other participants (Nelson, Wilson, Rosen, & Yen, 2009; Shah, et al., 2003) . For this metric, each idea is sorted into bins, and the novelty is calculated as one minus the frequency of ideas in a bin (Linsey, et al., 2005; Viswanathan & Linsey, 2012a) . For this metric, a participant's design solutions may be mapped to one or more bins. See Linsey et al. (2011) for more details on the bin sorting procedure for the novelty (and variety) scores. Equation 1 shows the formula used for novelty. The Pearson's correlation is 0.95.
(1)
Variety
Variety measures the solution space explored during the idea generation process (Nelson, et al., 2009; Shah, et al., 2003) . The variety is calculated as the number of bins a participant's ideas occupy divided by the total number of bins Viswanathan & Linsey, 2012a) .
Equation 2 provides the given formula. The Pearson's correlation is 0.92 . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 (2)
Percentage of Solutions Using a Gas Engine
This metric measures the fixation to a poor or negative feature of an example. As participants generate ideas, a percentage of their design concepts will incorporate features found in the example provided to them. In this particular experiment, the gas-powered press appears as an energy source in the sketch representation. The number of design concepts utilizing this design features divided by the total number of design concepts generated and multiplied by 100 results in the percentage of solutions with the poor design feature.
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RESULTS
Non-parametric Kruskal-Wallis tests were performed on the data in this experiment because the data does not satisfy the normality and homogeneity of variance requirements; therefore, oneway parametric analysis of variance (ANOVA) results would not be reliable. Additionally, pairwise a-priori comparisons using Mann-Whitney tests were employed, which are equivalent to ttests for non-parametric data. A summary of these results is given in Table 2 . Moreover, when function trees are combined with sketches, it appears to mitigate the fixation effect of the sketches alone, i.e. the fixation that occurs when the sketch alone is presented is reduced when the function tree is added. These results support Hypothesis 1, which stated that function trees would reduce fixation compared to sketch representations.
Quantity of Non-Redundant Ideas
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Figure 4: The mean quantity of non-redundant ideas across conditions. All error bars show (±1) standard error.
Number of Repeated Example Features and Percentage of Example Features Used
The 
Quality of Design Concepts
The results from the Quality of Design Concepts, displayed in Figure 7 , show that the function tree condition has the highest quality score and that there is a statistically significant difference when compared to the other three experimental conditions. The Mann-Whitney results are U(3) = 77.5, Z = -1.485, p = 0.079; U(3) = 88.5, Z= -1.015, p = 0.083; and U(3) = 76.5, Z = -1.737, p = 0.082 for the control, sketch, and sketch & function tree conditions, respectively.
Additionally, no statistically significant differences exist when comparing the other conditions to each other, i.e. control, sketch, and sketch and function tree. The Kruskal-Wallis test gives χ 2 = 3.57, df = 3, p = 0.080 and shows that a function tree representation increases quality unlike presenting participants with a sketch or even a sketch in combination with a function tree;
Hypothesis 2 is supported. Figure 7 : The mean quality of design concepts across conditions. All error bars show (±1) standard error.
Novelty and Variety
The novelty and variety results are shown in Figure 8 and Figure 9 , respectively. There are no significant differences when comparing conditions for the two metrics. The Kruskal-Wallis test gives χ 2 = 0.762, df = 3, p = 0.859 for the novelty scores and χ 2 = 0.107, df = 3, p = 0.991 for the variety scores. This reveals the possibility that the novelty and variety metrics may lack sensitivity. Prior studies Viswanathan & Linsey, 2013a , 2013d Figure 10: The mean percentage of solutions using a gas-powered press across conditions. All error bars show (±1) standard error. 
DISCUSSION
The results from this experiment provide important and interesting results concerning the role of function trees in idea generation. We see from the results in this paper that function trees do not cause fixation. The results also further support that sketch representations cause fixation, which has also been seen in other fixation studies.
The results from the quantity of non-redundant features show that function trees reduce fixation compared with sketches; this supports Hypothesis 1 which stated the same. This is a new result in the area of fixation and shows that to reduce fixation, and if the choice is offered, 
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representations do not induce fixation, they effectively mitigate some aspects of fixation when used in conjunction with sketch representation. These results demonstrate that for ideation purposes, the two representations combined together in a condition may provide the benefits of each, while negating fixation effects with respect to the number of ideas generated.
When we look at fixation to the features of the example, we examine that there is no significant difference between the control and function tree condition, which indicates that functional representations of examples are not the cause of fixation. This is an important result because as discussed earlier in the paper, this has been conjectured by engineers and researchers, but has never been scientifically or experimentally tested. This is the first experiment to show proof of this.
Looking at the features copied from the example and comparing the sketch with the sketch & function tree condition, we determine that the participants in the sketch & function tree condition fixate more to the features of the example, compared to just the sketch condition alone. Unlike with the number of ideas, a combination of a sketch and function tree does reinforce fixation to the features of the example. Thus, while we get more ideas, our ideas also include more features from the example. Designers, upon reviewing the function tree and seeing the functions that need to be met, gravitate towards trying to meet and satisfy those functions by using similar features from the example that they are viewing simultaneously. We witness this same trend when comparing the function tree to the sketch & function tree condition: feature fixation increases when a sketch and function tree are both present. These results indicate that the benefits of reducing feature fixation arise when only presenting the function tree alone; the addition of a sketch to the function tree promotes fixation.
The quality results show another benefit of the function tree: the quality score for the design concepts in the function tree condition is higher than all other three conditions, supporting Hypothesis 2. This occurs because the function tree clearly and succinctly defines all the functions that need to be met without introducing specific or extraneous features as a sketch representation does. These results support our second hypothesis that function trees increase design quality.
The novelty and variety scores show no differences across all conditions. It appears that all conditions explored the design space to the same degree. The percentage of energy sources using the gas engine metric validates fixation to the gas engine in the sketch and sketch & function tree 25 conditions with no significant differences between the two. The combination condition of the sketch & function tree did appear to break the fixation to this poor feature of the example.
The results from this experiment show new results pertaining to the use of function trees in engineering design. Function trees of examples more effectively reduce idea fixation than sketch representations for the same example. Function trees alone, also do not cause fixation to a designer's ideas or to the features of the example. While function trees do not break fixation, they do produce a higher quality of solution concepts. We initially believed that providing more information to designers, i.e., a sketch and a function tree together, would increase the benefits provided by the function tree. We were surprised to see from the results that this is not the case and that the combination of these representations in an idea generation task increases feature fixation while also negating quality benefits.
The results from this experiment indicate that function trees provide some quality and fixation breaking benefit for idea generation procedures, and that to some extent they may help avoid fixation and improve the quality of generated ideas and solutions in the conceptual design stage. The results also sound a note of caution, in that one must be careful in the design of support tools and environments to understand the interactions among representations, which can be both positive (in the case of function trees mitigating sketch idea fixation effects), and negative (in the case of function trees increasing the sketch feature fixation effects).
CONCLUSIONS AND FUTURE WORK
The experiment performed in this study investigated how the representations of an example given during idea generation affects and reflects on design fixation. In the experiment, we explored function tree and sketch representations while using a poor design example. We found that function trees are not fixation inducing, and that combining a sketch with function trees tends to reduce idea fixation, while reinforcing and increasing example feature fixation.
The results from this experiment provide greater insight into the dynamics of fixation, specifically on how the use and incorporation of various representations affects fixation during the conceptual stages of design. Further studies to investigate other types of representations presented alone and in combination are already in progress. The apparent lack of sensitivity in the novelty and variety metrics is also interesting and will be further studied in upcoming research.
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LIMITATIONS
The data for this paper were collected from students in the same course given during two consecutive semesters. The same instructor taught classes, and the same material was taught during both semester. It is unlikely that this semester split affected the results in anyway. There were no significant differences comparing the results from both semesters with each other (after all the data had been blindly analyzed).
The students participating in the study were not calibrated with a pre-test to assess any differences in mechanical aptitude. It was assumed that since they were all in the same class their knowledge and aptitude would be at the same level . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
